The effects of the temperature-sensitive, immortalizing Simian Virus 40 T antigen, tsA58, on whole-cell potassium b w x conductances were assessed in renal glomerular mesangial cells from H-2K -tsA58 transgenic mice 1 . MTT cell viability Ž
Introduction
Mesangial cells are found in the renal glomerulus where their primary functions are believed to be regulation of glomerular filtration rate and maintew x nance of glomerular structure 2 . Application of various vasoactive hormones to cultured rat mesangial cells causes depolarization of the cell membrane potential which is brought about by outward movement of chloride ions through calcium-dependent and w x independent pathways 3,4 . This depolarization w x causes activation of L-type calcium channels 5 and leads to a rise in intracellular calcium and cell conw x traction 6 . Subsequently, repolarization can occur as a result of activation of any of a number of potassium w x channels 7 .
Most studies on mesangial cells have been performed on rat mesangial cells which dedifferentiate with multiple passage in culture. Cells become unable to contract, lose angiotensin II receptors and develop w x stress fibres 8 . Therefore in an attempt to provide a better model we have used mesangial cells from the b w x H-2K -tsA58 transgenic mouse 1 . The genome of this mouse contains a construct of the g-interferon-inducible H-2K b mouse major histocompatibility complex promoter sequence and a temperature-sensitive mutant of the immortalizing oncogene, the simian Ž . virus 40 large tumour antigen tsA58 . This mutant is active at 338C and therefore under culture conditions of 338C in the presence of g-interferon cells isolated from this mouse are thought to be immortal. This has been demonstrated in a number of cell types includw x w x Ž ing fibroblasts 1 and osteoclasts 9 . At 378C the . non-permissive temperature for the tsA58 and in the absence of g-interferon cell proliferation rates are decreased and there are changes in the cell phenotype. One specific example of this change in phenotype is bone resorption by osteoclasts which occurs in cells maintained in non-permissive culture conditions w x but not in cells cultured in permissive conditions 9 .
Rat mesangial cells can be isolated easily and proliferate readily in culture. However, in situ, mesangial cells have a relatively low turnover and are w x only proliferative in pathological states 10 . By using the H-2K b -tsA58 transgenic mouse it is possible to arrest growth by oncogene inactivation and therefore it may be possible to use mesangial cells from this mouse as a model of both healthy and pathological tissue. This study reports the effects of activation and inactivation of the tsA58 oncogene on proliferation of mesangial cells derived from the H-2K b -tsA58 transgenic mouse and characterizes the potassium conductances found in these cells.
Materials and methods

Cell culture
Mesangial cells were prepared as described previw x ously 11 . Briefly, mice were killed by cervical dislocation and their kidneys removed. Thin slices of the kidney cortex were subjected to successive sieving, centrifugation and further sieving steps before the glomeruli were caught on a 300 mm mesh sieve. These, and the subsequent cellular outgrowth were cultured in permissive conditions at 338C in a humidified atmosphere containing 7% CO . The culture 2 medium was made up from Dulbecco's Minimum Ž . Essential Medium DMEM supplemented with 10% Ž .
y1 fetal calf serum FCS , 100 U ml penicillin and Ž streptomycin PS, all from Gibco BRL, Paisley, Scot-. y1 land, UK and 50 U ml recombinant murine g-in-Ž . terferon Genzyme, Cambridge, MA . Cells were passaged weekly and fed twice weekly. All cells were grown in serum-containing media except those in the serum-free proliferation assays. Experiments were performed on cells grown in permissive conditions between 24 h and 7 days after passage and on cells kept in non-permissive conditions for up to 5 days following the elapse of a minimum of 48 h allowed for potential changes in phenotype. Cells were used between passages 8-15 and were plated out into either 96 well plates for the growth assays or into 35 mm Petri dishes for the electrophysiology experiments. All cell culture plastic was obtained from R.
Ž . and L. Slaughter Upminster, Essex. UK .
Growth assays
A modified cell viability assay based on the coloriw x metric assay of Mosmann 12 was used. Briefly, 100 ml of cells were plated out in 96-well plates at a density of 1 = 10 5 cells ml y1 in either serum-con-Ž . taining 10% or serum-free media. Then cells were incubated at 338C or 378C in either the presence or absence of g-interferon.
Ž Ž . MTT 3-4,5-dimethylthiazol-2-yl -2,5-diphenyl Ž . tetrazolium bromide, Sigma, Poole, UK was dissolved in sterile phosphate buffered saline at 5 mg ml y1 and after appropriate incubations 20 ml of this stock solution was added to each well and plates incubated for 3 h at 378C. In mitochondria of living cells MTT is reduced by the enzyme succinate-dehydrogenase to a blue formazan product. This can be solubilized using a lysing buffer in which 20% wrv lauryl sulfate is dissolved in 50% vrv dimethyl formamide and distilled water, adjusted to pH 4.7 by adding 2.5% of a mixture of 80% acetic acid and 2.5% 1 N HCl. 100 ml of this lysing buffer was added to each well and plates were kept at 21-248C for a further 21 h before reading on a Titretek Multiscan MCCr340 plate reader using a test wavelength of 540 nm and reference wavelength of 690 ( )nm. This assay was used to test the effects of different culture conditions on cell viability and growth and to establish a dose-response relationship for the effects of g-interferon. In all plates cell-free controls were run in the presence and absence of interferon. Interferon itself had no optical activity and mean values from the controls were subtracted from each test well reading.
Electrophysiology
Whole-cell recordings were obtained from cells in sub-confluent monolayers according to the technique w x of Hamill et al. 13 . Cells, taken from permissive and non-permissive culture conditions, were viewed at 400 = magnification with a Nikon TMS micro-Ž scope supported on an air table Wentworth Engi-. neering, Sandy, Bedfordshire, UK . Pipette electrodes were pulled from filamented, borosilicate glass Ž GC120-TF10, Clark Electromedical Instruments, . Reading, UK on a Narishige PB-7 two-stage elec-Ž . trode puller Narishige, Tokyo, Japan and were fire polished. Pipettes were positioned onto the cellsurface using a Narishige MN153 coarse 3-dimensional manipulator and a MO103 hydraulic micromanipulator. Filled pipettes had resistances of between 4-8 M V and all seal resistances were greater than 1 GV with cell access resistances of less than 10 M V. Experiments were performed at room temperature Ž . 21-248C . To improve seal formation cells were y1 Ž pretreated with 0.5 g l trypsin Worthington Bio-. chemicals, Bury St. Edmund's, UK in a solution of 135 mM NaCl and 0.6 mM ethylenediaminete-Ž . traacetic acid EDTA for 15-120 s.
Data acquisition
Whole-cell currents were obtained using a List Ž EPC-7 patch clamp amplifier List Electronic, Darm-. stadt, Germany . The voltage clamp protocols, data acquisition and analysis was performed using Ž pCLAMP Version 5.5 software Axon Instruments, . Foster City, CA installed on an Elonex PC 333 microcomputer equipped with a Tecmar Labmaster Ž . A r D DrA board Axon Instruments . Cells were Ž . held at 0 mV and a series of pulses Fig. 3a each of 80 ms duration were applied to the cells. Pulses were stepped from y100 mV to q100 mV in 12.5 mV intervals and, between each pulse, cells were held at 0 mV for 25 ms. This protocol was repeated twice and was used in all experiments except those to investigate the presence of any voltage-activated currents. Current measurements were obtained by averaging a 70 ms period following the end of the capacitative transient in each recording. Whole-cell conductances were determined as the gradient of the currentrvoltage relationship at 0 mV obtained from these pulse protocols, except where stated. To determine whether any voltage-activated currents were present in these cells, cells were held at y100 mV. Test pulses to q50 mV to y80 mV were applied and in the second pulse, it was assumed that no functional voltage-activated potassium currents can be recorded. A 7.5 fold factor of the current measured in this second pulse was subtracted from the current measured in the first pulse the presence of any residual current would indicate the presence of voltage-activated currents.
Solutions
Experiments were performed in symmetrical solutions buffered to pH 7.4 with 10 mM Na
. acid . Initially both the pipette and the bath solutions contained 140 mM potassium chloride, 1 mM eth-Ž . Data is presented as the mean " S.E.M. with the number of experiments in parentheses. Statistics were performed using the Student's t-test for paired and unpaired data as appropriate and are treated as significant when P -0.05. The ion selectivity of the whole-cell conductance was calculated using the equation:
where X and Y refer to the ion concentrations and P to the permeability of the membrane to that particular ion. Data for the log dose-response relationships were fitted to the equation
where b is the minimum response, t is the maximum response, X is the log of the drug concentration and Y is the response. This was performed using the Ž Graph Pad Prism software Graph Pad Software, San . Diego, CA .
Results
Growth assays
Initial experiments were designed to examine the effects of temperature and interferon on cell growth in order to determine the activation state of the tsA58 oncogene. These experiments were performed and the results are given in Fig. 1a and b. In the presence of Ž serum, cell proliferation measured as increasing opti-. cal density for cells grown at 338C is significantly greater than for cells maintained at 378C. Experiments performed in the absence of serum show that, at 338C with 50 U ml y1 interferon, cell proliferation is significantly greater than is observed at 338C in the absence of interferon or at 378C in the presence of Ž . production increasing optical density in serumq a and Ž . serum-free b culture conditions. Each point is the mean from three experiments of 24 wells and where no standard error is seen it is within the size of the symbol. Note the different scales on the y axes and the effect that incubation with fetal calf serum has on cell viability.
interferon and that there is greater growth in each of these conditions than by cells cultured at 378C in the absence of interferon. A log dose-response relationship for g-interferon on cell growth at 338C was obtained in serum-free conditions. This had an EC 50 value of 17 " 1 U ml y1 and is shown in Fig. 2 . Together these data show that at 338C in the presence of 50 U ml y1 g-interferon the cells proliferate as a result of activation of the tsA58 oncogene whereas at 378C and in the absence of interferon the oncogene is inactive and that the cells have a greatly reduced proliferation rate. Consequently by using cells grown at 338C in the presence of 50 U ml y1 interferon Ž . defined as permissive conditions and cells main-Ž tained at 378C in the absence of interferon non-per-. missive conditions the effects of activation and inactivation of the oncogene on the whole-cell potassium conductance can be established. 
Electrophysiology
Control conductances
In whole-cell patches with symmetrical solutions of 140 mM KCl and 1 mM free Ca 2q in the pipette currentrvoltage relationships were established for cells grown in permissive and non-permissive culture conditions using the pulse protocol shown in Fig. 3a .
Ž . Mean conductances g at 0 mV were 1.76 " 0.14 nS Ž . Ž . ns15 and 1.26 " 0.07 nS n s 12 respectively Ž . and these are significantly different P -0.01 . We w x have shown previously 11 that the chloride conduc-Ž . tance of these cells was 1.08 " 0.05 nS n s 63 and Ž . 1.02 " 0.05 nS n s 71 for cells grown in permissive and non-permissive culture conditions respectively and this suggests that the difference observed Ž . Fig. 3 . The pulse-protocol used in this study a and mean original current traces in symmetrical solutions of 100 mM potassium gluconate and 40 mM potassium chloride with 1 mM calcium in the pipette. Traces are means from five whole-cell patch recordings from Ž . Ž . Ž . cells grown in permissive b and non-permissive c culture conditions and only currents recorded at 25 mV intervals are shown. d Currentrvoltage relationships plotted from these data where B and I indicate the currents measured in cells grown in permissive and w x non-permissive culture conditions respectively. Earlier published data 11,15 indicates that cell size does not alter between premissive and non-permissive conditions. ( )in the conductances in KCl is due to a difference in the K q conductance. Substitution of 100 mM of the KCl with 100 mM potassium gluconate reduced the Ž . conductances to 0.69 " 0.02 nS n s 59 and 0.42 " Ž . 0.01 nS n s 52 for cells grown in permissive and non-permissive culture conditions respectively and these values are also significantly different from each Ž . other, P -0.001 . Original current traces recorded from cells grown in permissive and non-permissive culture conditions in symmetrical potassium gluconate solutions are shown in Fig. 3b and 3c and the currentrvoltage relationships obtained from these data are shown in Fig. 3d . No differences were observed in the conductance with increasing passage w x number from 8-15 15 and substitution of the high K q bath solution with 100 mM sodium gluconate, 35 mM NaCl and 5 mM KCl had no effect on the Ž conductance 0.67 " 0.04 nS, n s 12 and 0.44 " 0.03 nS, n s 12 for cells grown in permissive and non-. permissive conditions respectively, P ) 0.5 . In these solutions the current reversal potentials were y24 " 4 mV and y18 " 3 mV and this allows the selectivity ratios for K q rNa q to be calculated as 2.8 K q ) 1 Na q for cells grown in permissive culture conditions and 2.1 K q ) 1 Na q for cells grown in non-permissive conditions. Total replacement of the potassium ions in the bath solution with sodium inhibited the inward current; at y50 mV the conductances in cells grown in permissive conditions were 0.83 " 0.05 nS Ž . Ž . ns6 and 0.41 " 0.06 nS n s 6 in symmetrical and asymmetrical solutions respectively. In cells maintained in non-permissive conditions the conduc-Ž . tances at y50 mV were 0.46 " 0.03 nS n s 6 and Ž . 0.22 " 0.03 nS n s 6 respectively. In both cases, the conductance in symmetrical potassium solutions was significantly higher than the conductance in cells Both ions were applied to the extracellular surface of the cells only and selectively inhibited the inward current. Ž in asymmetrical potassiumrsodium solutions P -. 0.001 . Ion substitution had no effect on the outward Ž current data not shown, P ) 0.95 and P ) 0.5 for cells from permissive and non-permissive culture . conditions respectively . These data demonstrate that there is potassium-selective component to the conductance and that this may have a low K . However, m there may also be a cation non-selective component to the conductance that decreases the apparent whole-cell ion selectivity. Table 1 . When either ion is present the conductance is signifi-Ž . cantly lower than the control values P -0.001 .
Effects of Ba
2 q and Cs q Having shown that potassium currents can be recorded from H-2K b -tsA58 transgenic mouse mesangial cells, 10 mM Cs q and 5 mM Ba 2q were added to the high sodium bath solution. Both ions caused a voltage-dependent inhibition of the inward current in cells grown in permissive and in non-permissive culture conditions. Measurements of the whole-cell conductance at 0 mV in the absence and presence of Ba 2q or Cs q are shown in
Voltage-actiÕated currents and the effects of 4-aminopyridine
Cells were held at y100 mV and given to voltage pulses to q50 mV and y80 mV. After current subtractions of a 7.5-fold factor of the current measured in the second pulse from current measured in the first, no residual current could be detected. This suggests that there are no voltage-activated potassium Ž . currents in these cells data not shown . Ž . To verify this result, 4-aminopyridine 4AP , an w x inhibitor of voltage-activated potassium currents 16 was tested on cells maintained in both culture conditions. The results for cells grown in permissive culture conditions are depicted in Fig. 4 and show that neither 100 mM nor 1 mM 4AP had any effect on the conductance in cells grown in either permissive or Ž . non-permissive conditions P ) 0.6 for both . This is confirmation that there are no voltage-activated cur-Ž . rents in these cells. Similar data not shown was obtained from cells maintained in non-permissive culture conditions. However, in cells grown in permissive, but not in non-permissive culture conditions, 10 mM 4AP significantly reduced the conductance. At high concentrations 4AP is known to inhibit the
. w x ATP-sensitive potassium channel K , 16 . Con-ATP sequently we examined the effects of ATP, the nonhydrolysable analogue of ATP, 5 X -adenylylimi-Ž . dodiphosphate AMP-PNP , and the sulfonylurea, glibenclamide on these cells.
Effects of ATP, AMP-PNP and glibenclamide
1 mM ATP and 1 mM AMP-PNP were dissolved separately in aliquots of the pipette solution and 1 mM glibenclamide was dissolved in the bath solution. In cells grown in permissive culture conditions ATP, AMP-PNP and glibenclamide significantly inhibited Ž the conductance, Fig. 5 , P -0.001 for ATP and . AMP-PNP and P -0.05 for glibenclamide . However, in cells grown in non-permissive culture conditions, neither ATP nor glibenclamide had any effect Ž . on the conductance, P ) 0.5, data not shown . To confirm that the inhibition of the conductance by 10 mM 4AP in cells grown in permissive culture conditions was due to inhibition of K channels, the ATP effects of 10 mM 4AP were examined in the presence of 1 mM glibenclamide. The conductance in 1 mM Ž . glibenclamide was 0.44 " 0.08 nS n s 6 and in the presence of both 10 mM 4AP and 1 mM gliben-Ž . clamide the conductance was 0.39 " 0.05 nS n s 6 . These results are not significantly different from each Ž . other P ) 0.6 and are also shown in Fig. 5 . This indicates that glibenclamide and the high concentra- Fig. 4 . The effects of 4-aminopyridine on the whole-cell potassium conductance from cells grown in permissive culture conditions. Experiments were performed in asymmetrical solutions, in which the pipette solution contained 100 mM potassium gluconate and 40 mM potassium chloride while the bath solution contained 100 mM sodium gluconate, 35 mM sodium chloride and 5 mM potassium chloride.
) Indicates that the data are Ž . significantly different from controls P -0.05 . Each bar represents the mean conductance from 5 or 6 different cells. Fig. 5 . The effects of 1 mM ATP, 1 mM AMP-PNP, 1 mM glibenclamide and 1 mM glibenclamide applied simultaneously with 10 mM 4-aminopyridine in cells grown in permissive culture conditions. ATP and AMP-PNP were applied by diffusion from the pipette solution while glibenclamide and 4-aminopyridine were applied from to the extracellular surface of the membrane. Each point is the mean conductance from 5-6 cells. Experiments were performed in asymmetrical solutions as described in Fig. 4. ) Indicates that the data are significantly Ž . different from controls P -0.05 and , indicates that the data are not significantly different from the conductance when the drugs are administered individually.
tions of 4AP had their effects on the same component of the whole cell conductance.
Effects of glibenclamide and cromakalim
In cells grown in permissive culture conditions the effects of glibenclamide and of the potassium channel opener cromakalim were investigated. Glibenclamide inhibited the whole-cell conductance in a dose-dependent manner and had an IC of 0.4 mM. The log 50 dose-response relationship for this is shown in Fig. 6 . 1 mM cromakalim had no effect on the whole-cell conductance unless 100 mM ATP was present in the pipette. In the presence of 100 mM ATP in the pipette there was a partial inhibition of the whole-cell Ž . conductance g s 0.55 " 0.04 nS and this was then significantly increased by application of cromakalim to the bath solution. A dose-response relationship was established for cromakalim for which the EC was 50 calculated to be 40 mM and this is shown in Fig. 7. 
Effects of intracellular calcium
There is no significant difference between the whole-cell conductance in cells grown in permissive conditions in the presence of 1 mM glibenclamide and cells grown in non-permissive culture conditions ( ) Fig. 6 . A log dose-response relationship for the effects of glibenclamide on the whole-cell potassium conductance in cells from permissive culture conditions. Experiments were performed in asymmetrical solutions as described in Fig. 4 . The IC for this 50 effect is 0.4 mM and each point is the mean from 5 or 6 different cells.
Ž
. P-0.95 . In order to characterize these remaining conductances, and since other calcium-activated potassium currents have been reported in mesangial w x cells 17 , the effects of changing the pipette-free calcium concentration were investigated. In these experiments, 1 mM LaCl was added to the bath solu-3 tion to prevent calcium entry into the cells from the bath. The data are shown in Fig. 8 and indicate that, in cells grown in permissive culture conditions, the Ž . conductance in the presence of 1 mM glibenclamide is calcium-dependent and this has an EC of 0.5 50 mM. However, the conductance in cells grown in Fig. 7 . A log dose-response relationship for the effects of cromakalim on the whole cell potassium conductance in cells from permissive culture conditions. Experiments were performed in the solutions described in Fig. 4 with 100 mM ATP added to the pipette solution. The EC for this effect is 40 mM and each 50 point is the mean from 5 or 6 different cells. Experiments were performed in asymmetrical solutions as described in Fig. 4 with the following changes: At all times the bath solution was supplemented with 1 mM LaCl to prevent calcium entering the cell from the bath 3 and, for cells grown in permissive conditions, 1 mM glibenclamide was added to the bath solution to remove the ATP-sensitive component of the whole-cell potassium conductance. Pipette calcium concentration had a dose-dependent effect in cells grown in permissive culture conditions for which the EC was 0.5 mM 50 but had no effect in cells grown in non-permissive conditions. Each point is the mean from 5-6 different cells.
non-permissive culture conditions was not affected Ž . by pipette calcium concentrations Fig. 8b . Owing to the relatively low whole-cell conductance compared w x to rat mesangial cells 18 we investigated the effects of apamin bee venom, an inhibitor of small, Ž . w x calcium-activated potassium SK channels 19 .
Ca
Pipette free calcium concentration was maintained at 10 y6 M and, in cells grown in permissive culture conditions, apamin inhibited the conductance in a dose-dependent manner. This is shown in Fig. 9 and the IC for this effect was 9 nM. As expected, 50 ( )apamin had no effect in cells grown in non-permis-Ž sive culture conditions g s 0.41 " 0.06 nS, n s 5, . Ž . P ) 0.7 vs controls . Apamin 1 mM and gliben-Ž . clamide 1 mM , applied concurrently, were additive in their effects. In the presence of both drugs the Ž . whole-cell conductance was 0.23 " 0.03 nS, n s 6 . This is significantly different from the conductances Ž . measured in the presence of one drug only P -0.05 and is not significantly different from the conductance in the presence of either 10 mM Cs q or 5 mM 2q Ž . Ba P s 0.55 and 0.77, respectively .
Presence of a Õolume-actiÕated conductance and the effects of gadolinium chloride
When cells maintained in non-permissive culture conditions were given a hypotonic volume shock by reducing the osmolarity of the bath solution by ; 60 mOsm, the whole cell conductance was increased by Ž . 36% to 0.56 " 0.06 nS n s 6, P -0.05 . The presence of mechanically-activated potassium channels w x has been demonstrated in rat mesangial cells 20 Ž 3q . while gadolinium ions Gd have been shown to inhibit volume-activated whole-cell cation currents in w x single, isolated frog proximal tubule cells 21 . In our cells, maintained in non-permissive culture conditions, 10 mM Gd 3q inhibited the hypotonicity-in-Ž duced increase in whole-cell conductance g s 0.38 " 0.04 nS, n s 6, P -0.05 vs. the conductance in . hypotonic conditions . Currentrvoltage relationships showing both the hypotonicity-induced increase in Fig. 9 . Effects of apamin on the whole-cell potassium conductance in cells grown in permissive culture conditions. Experiments were performed asymmetrical solutions as described in Fig. 4 and a significant dose-dependent inhibition was observed for apamin for which the IC was 9 nM. Each point is the mean 50 from 5-6 different cells. Fig. 10. A currentrvoltage relationship showing the effects of a hypotonic volume shock and the inhibition with 10 mM Gd 3q in cells maintained in non-permissive culture conditions. At all times the pipette solution contained 100 mM potassium gluconate and 40 mM potassium chloride and in control experiments, the bath solution contained 100 mM sodium gluconate, 35 mM Ž . sodium chloride and 5 mM potassium chloride B, ns6 , as described in Fig. 4 . The hyposmotic shock was initiated by replacing the bath solution with one containing 70 mM sodium gluconate, 35 mM sodium chloride and 5 mM potassium chloride Ž . 3 q Ž . v ,n s 6 . 10 mM Gd ,`, ns6 dissolved into this solution inhibited the volume-activated potassium conductance. Conductances at 0 mV were 0.42"0.06 nS, 0.56"0.06 nS and 0.38" 0.04 nS for the controls, volume shock and inhibition of the volume shock with Gd 3q , respectively. the conductance and the inhibition by Gd 3q are found in Fig. 10 . Furthermore Gd 3q inhibited the control conductance in the absence of any volume Ž . shock, g s 0.25 " 0.02 nS, n s 4, P -0.005 . This indicates that there may be a mechanosensitive conductance in cells maintained in non-permissive culture conditions. None of these effects could be observed in cells grown in permissive culture condi-Ž tions; neither a volume shock g s 0.63 " 0.07 nS, . 3q Ž . n s 3 nor Gd g s 0.70 " 0.05 nS, n s 5 had Ž . any effect on the whole-cell conductance, P ) 0.5 indicating that the osmotically-activated channel is absent from cells grown in permissive culture conditions.
Discussion
This study demonstrates the effects that two different culture conditions have on the growth and on the potassium currents of mesangial cells from the H-
b -tsA58 transgenic mouse. In permissive conditions for the H-2K b -tsA58 gene construct of 338C in the presence of 50 U ml y1 g-interferon the cells are viable and proliferate whereas in non-permissive conditions of 378C in the absence of interferon growth is significantly decreased. In serum-free media cells maintained in non-permissive conditions rapidly die and this implies that in each of these two conditions, permissive and non-permissive, the oncogene is active and inactive respectively. This study then proceeds to characterize the potassium conductances in mesangial cells from the H-2K b -tsA58 transgenic mouse and is the first to report that conductances, consistent with both the ATP-sensitive potassium Ž . channel K and the small conductance calcium-ATP Ž . activated channel SK are found in mesangial Ca cells. These conductances were only evident in cells grown in permissive culture conditions and not in cells maintained in non-permissive conditions. However, the conductance in cells maintained in non-permissive conditions could be increased by a hypotonic volume shock and this could be inhibited by 10 mM Gd . This suggests that stretch-activated channels may be found in cells grown in non-permissive culture conditions when the tsA58 is inactive. This is w x consistent with the work of Craelius et al. 20 who have presented evidence for stretch-activated channels in rat mesangial cells. The absence of any effect of a volume shock or Gd 3q on the potassium conductance suggests that there are no stretch-activated channels in the cells grown in permissive conditions. This indicates therefore, that there is a significant change of cell phenotype that is associated with activation or inactivation of the tsA58 oncogene.
Previously, it has been shown using fibroblasts b w x isolated from the H-2K -tsA58 transgenic mouse 1 that increases in cell number can be directly correlated with a Western blot for the large T antigen. This suggests that proliferation of cells isolated from this mouse is a good indication of the activation state of the oncogene. The MTT cell viability assay used here gave reproducible results in which increasing cell numbers caused an increase in formazan production. Therefore this assay was used as an indirect method for assessing the activation state of the T antigen. It demonstrates that in permissive conditions of 338C in the presence interferon the cells proliferate and this ceases in cells maintained in non-permissive conditions of 378C in the absence of interferon. Consequently the oncogene is thought to be active and inactive respectively. These data are supported by work performed on the same cells as those used in w x the present study 22 . Using an antibody directed against the SV40 T antigen, Kolatsi-Joannou et al. have shown that immunoreactivity is only detected in cells grown in permissive culture conditions and not in cells maintained in non-permissive culture conditions. Secondly, they have shown that cell proliferation only occurs in cells grown in permissive culture conditions. Therefore it can be concluded that the tsA58 is the driving force behind cell proliferation and is the root cause of the differences in conductances in cells grown in permissive and non-permissive culture conditions. Ž y1 . At high concentrations 1000 U ml , g-interw 3 x feron has been shown to inhibit H thymidine incorw x poration into rat mesangial cells 23 . Our experiments at 378C in the presence of serum have shown that interferon decreased the amount of formazan Ž . production Fig. 1a and this supports the hypothesis that interferon inhibits mesangial cell proliferation. This inhibition of growth by g-interferon is not important here since oncogene activation by interferon will override these effects. However, whether interferon has any other important effects is unclear. Previously we have shown that there are only small differences in the chloride conductances in these cells and that these differences are probably not physiow x logically important 11 . Consequently this suggests that any other effect of interferon will be negligible.
In our initial characterization of the potassium conductances it was shown that there was a significant difference in the magnitude of the whole-cell potassium conductance, being greater in cells grown in permissive conditions. No voltage-activated currents were evident in cells grown in either culture condition, and it was shown that low concentrations 4-aminopyridine had no effects on the conductance. However 10 mM 4AP inhibited the whole-cell conductance in cells grown in permissive conditions. At high concentrations 4AP is known to inhibit the Ž . w x ATP-sensitive potassium channel K 16 , and ATP we also found that 1 mM of the second generation sulfonylurea, glibenclamide, had no further effect above that observed with 10 mM 4AP. The conductance was sensitive to both 100 mM and 1 mM ATP ( )in the pipette, and to 1 mM of the non-hydrolysable analogue of ATP, AMP-PNP. Furthermore, glibenclamide inhibited the conductance in a dose-dependent manner with an IC of 0.4 mM. The conduc-50 tance was increased by cromakalim which had an EC of 40 mM and this only occurred when the 50 conductance was partially inhibited by the presence of 100 mM ATP in the pipette. These characteristics are similar to a number of properties of K , chan-ATP nels such as those that have been described in both w x smooth and skeletal muscles 24,25 . Together these data support the hypothesis that K channels may ATP be found in cells grown in permissive conditions. The magnitude of the ATP-sensitive conductance was equal to the difference in conductance between cells grown in permissive and non-permissive culture conditions. In cells grown in permissive culture conditions the remaining conductance was calcium-sensitive with an EC for intracellular calcium of 0.5 50 mM and was inhibited by apamin with an IC of 9 50 nM and these two values are consistent with the those of the small conductance, calcium-activated potas-Ž . w x sium channel SK , 26 . Therefore we suggest that Ca the SK channel may be found in cells grown in Ca permissive culture conditions. However, in cells cultured in non-permissive conditions the conductance was neither calcium-nor apamin-sensitive. The conductance in these cells was increased by a hypotonic volume shock and this was inhibited by 10 mm Gd 3q . Evidence exists for stretch-activated potassium w x channels in rat mesangial cells 20 and our results are consistent with the presence of a stretch-activated, gadolinium-sensitive current in cells grown in nonpermissive conditions. Furthermore, since Gd 3q inhibited the control conductance, these channels may contribute to resting membrane potential.
The selectivity of the conductances observed in this study are much lower than have been reported for other potassium channels and there may be two possible explanations that account for this. One of these is that mesangial cells are known to possess Ž . w x non-selective cation channels NSCCs 4,27 . The presence of NSCCs will reduce the apparent wholecell cation selectivity and therefore will lower ion selectivity ratios. The second possibility is that the pretreatment of the cells with the proteolytic enzyme, trypsin, may have altered the selectivity filter of the channel. In other, earlier work, trypsin has been shown to alter the cation selectivity of a calciumactivated channel found in human erythrocyte ghosts w x 28 . Similarly, collagenase treatment of basolateral membranes from rabbit cortical collecting ducts removed all the voltage-dependency and ion selectivity from the double-barrelled chloride channels found in w x non-treated tubule fragments 29 . Therefore, it is possible that in this study, the inward current observed when the potassium in the bath solution had been totally replaced by sodium may occur as a result of ion movement through potassium channels in which the selectivity filters have been modified by trypsin.
Potassium channels have been shown to underlie the resting membrane potential in rat mesangial cells w x 30 and in the same cells, calcium-activated potassium channels are activated as part of the response to a raise in intracellular calcium produced by anw x giotensin II 17 . Recently, the role of potassium w x channels in mitosis has attracted attention 31 . It is perhaps not surprising that there is a higher potassium conductance in the proliferative cells in the present paper. The potential physiological importance of these channels is best discussed in the light of mesangial cell physiology and pathology. Under healthy conditions mesangial cell proliferation is low and this is dramatically increased in renal pathology, w x as is the volume of the mesangial matrix 2 . Indeed mesangial cell proliferation is often an indication for w x future development of glomerulosclerosis 10 . Therefore it is possible that mesangial cells from the H-2K b -tsA58 transgenic mouse grown in permissive and non-permissive culture conditions may be representative of mesangial cells from pathological and healthy conditions respectively. In the light of this hypothesis, a stretch-sensitive channel found in cells Ž . grown in non-permissive conditions healthy may have a role as an osmosensor and allow feedback on w x the regulation of glomerular filtration rate 20 . We can postulate a potential mechanism for this: When the osmolarity of the blood and of the glomerular filtrate is reduced the mesangial cell swells. This would lead to an increased potassium conductance, cell hyperpolarization and would this inhibit voltagew x operated calcium channels 5 , thus reducing the contractile state of the cells. This reduction of cell contractility could then effectively cause an increase in the ultrafiltration coefficient of the kidney.
It is also possible to postulate roles for the two healthy cells or in cells grown in non-permissive culture conditions is unknown as it would either be closed or inactive. Alternatively many different stimw x uli eg arginine vasopressin 32 or repeated w x stretchrrelaxation 33 can induce immediate-early gene expression. These protooncogenes code for proteins that regulate the transcription of other genes and therefore this may possibly be a process that permits expression of the K channel in pathological rather ATP than healthy conditions. Similarly, the small conductance calcium-activated potassium channel may be involved in regulation of the cellular responses to agonist-induced mobilization of intracellular calcium. Many substances, including arginine vasopressin, angiotensin II and various cytokines promote cell proliferation and have effects on intracellular calcium w x 2 . An increase in intracellular calcium would activate the small conductance, calcium-activated potassium channels and cause cell hyperpolarization. This suggests therefore, that these channels could have a role in maintaining a rein on cellular activity in potentially pathological conditions. This would be unnecessary in healthy cells and may explain why this conductance, in our cells, is only observed in cells grown in permissive conditions rather than in non-permissive culture conditions. In conclusion, activation of the H-2K b -tsA58 gene construct by g-interferon and incubation at 338C causes significant changes in the potassium conductance in mesangial cells compared to cells maintained in the absence of interferon and at 378C. These are reflected in the activity of conductances that are consistent with K and SK channels in cells ATP Ca grown in permissive culture conditions compared to their absence in cells maintained in non-permissive conditions. Similarly, a volume-sensitive current is observed in cells cultured in non-permissive conditions which is not observed in cells grown permissive culture conditions. Physiological roles are ascribed to these conductances and are discussed in the light of glomerular pathology, in which mesangial cells play a critical function.
